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(57) Abstract 



A method and a system are disclosed 
compensating for failed elements in an an- 
tenna array. The method assumes that at 
least the amplitude and, in most cases, the 
phase of, at least, some of the individual el- 
ements can be controlled to some extent If 
one or more of the antenna array radiating 
elements are failed, at least some remaining 
elements are used to correct for this. The 
amplitude and phase radiation pattern of one 
of die failed elements is then synthesized us- 
ing K of the remaining elements. The result- 
ing excitation from this synthesis is super- 
imposed on the failed array excitation at the 
positions of the K remaining elements. This 
procedure can be repeated for all the failed 
elements using the principle of superposi- 
tion. A system utilizing the present method 
controls via a control unit a T/R module the 
phase and amplitude of each operating an- 
tenna array radiator. 
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Compensation of faulty elements in array antennas 

TECHNICAL FIELD 
The present invention relates to an improved method for compensating 
5 changes in an array antenna radiation pattern due to faulty elements by 
using remaining elements in the array for compensating the change resulting 
from the failing elements. 

BACKGROUND 

10 Large array antennas do have a rather high probability that a fault may 
occur in one or more of the antenna array elements. If such faults are of the 
character that certain antenna elements get a reduced or no radiation 
functionality, fundamental antenna performances, e.g. side lobe levels, are 
strongly deteriorated. 

15 

Instead of hardware repair of the damage, by replacing failing parts, a 
software solution adjusting amplitude and eventually the phase of the 
remaining antenna elements may take place for at least partly repairing the 
damage. 

20 

There are found several scientific reports considering this field of techniques. 
Certain of these references are based on a re-optimization of amplitude and 
phase for the remaining antenna elements, while others are based on 
methods within the signal processing to recreate the signals of the failing 
25 antenna elements. A number of representative articles are listed below in the 
last paragraph before the disclosed present claimed improved method. 

An U.S. Patent No. 5,416,489 to Mailloux 1995 describes a procedure and an 
apparatus for phased array error correction. Mailloux discloses a technique 
30 that enables array error correction by replacing the signals from failed 
elements with processed signals derived from operating elements. However, 
the technique according to Mailloux assumes that it is already known in 
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which directions the antenna radiation pattern has to be improved. The 
approach of Mailloux will result in that some of the remaining angles may 
experience an even more deteriorated performance. 

5 Therefore there has been a demand of further improving the techniques for 
compensating losses in an array antenna radiation pattern due to faulty 
elements. 

SUMMARY 

10 A method and a system for compensating for failed elements in an antenna 
array are disclosed. The method assumes that at least the amplitude and, in 
most cases, the phase of, at least, some of the individual elements can be 
controlled to some extent. 

15 If one or more of the antenna array radiating elements are failed, at least 
some remaining elements are used to correct for this. The amplitude and 
phase radiation pattern of one of the failed elements is then synthesized 
using K of the remaining elements. The resulting excitation from this 
synthesis is superimposed on the failed array excitation at the positions of 

20 the K remaining elements. This procedure can be repeated for all the failed 
elements using the principle of superposition. 

According to the present method, by positioning a phase reference point of the 
array antenna in a failed element a unity value for all angles may be 

25 synthesized by means of the calculation means. K neighboring elements in 
the array are selected and weighted with a specific excitation, excM**, of a 
failed element, for compensating the erroneous antenna radiation pattern. 
This results in a steering independent compensation as a total control vector 
consists of a sum of a constant compensation vector and an initial control 

30 vector. 

A system utilizing the method uses a control unit, which comprises a 
calculation means and the control unit, via a control signal network, controls 
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a T/R-module for each element of the array, whereby the control unit sets the 
phase and amplitude of each element in the array. 

The method is set forth by the independent claim 1 and a further 
5 embodiment of the method is set forth by the dependent claim 2. 

A system utilizing the present method is set forth by the independent claim 3 
and the dependent claim 4-5. 

! o BRIEF DESCRIPTION OF THE DRAWINGS 

The invention, together with further objects and advantages thereof, may best 
be understood by making reference to the following description taken together 
with the accompanying drawings, in which: 

15 FIG. 1 demonstrates theoretically an antenna array having a failed element 
in the phase reference point and its neighboring elements; 

FIG. 2 demonstrates theoretically a linear array having a failed element in 
the phase reference point; 

20 

FIG. 3 demonstrates a basic embodiment of an antenna array designed 
for a possibility to compensate losses in the array antenna 
radiation pattern due to faulty elements; and 

25 FIG. 4 demonstrates a basic T/R-module used in the embodiment of FIG. 
3. 

DETAILED DESCRIPTION 

General 

30 Each element in an array antenna contributes to the far field by its element 
radiation pattern, weighted with the excitation of the element and its 
position relative to the phase reference point. If an element failure occurs 
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caused by malfunction in the actual antenna array, e.g., in the electronics 
equipment feeding a radiator element or any other malfunction which alters 
the original function of the element, an approach to the re-optimization 
problem is to synthesize the contribution of the failed element to the far field 
5 by means of at least some of the remaining operating elements. Due to the 
fact that superposition principles hold, the re-optimized excitation is the 
sum of the remaining elements original excitation and the contribution 
excitation of the synthesized failed element according to 

1 o exc?*"™ » exc?*" + exc™ 

n e {remaining elements) 

in which exc n denotes an excitation for an element n. 

15 A correction excitation may be performed for all the remaining elements or 
for just a couple of them. If the correction is made to the neighboring 
elements, each failed element, which has the same neighbor configuration, 
can use the same correction, weighted with the excitation of the failed 
element. This means that the correction is independent of the position of the 

20 failed element, and if several elements fail, the different corrections can be 
superposed on each other. Another advantage with element radiation pattern 
synthesis is that the correction excitation is independent of the shape of the 
element radiation pattern if all element radiation patterns are equal. 

25 The present improved new method 

An improved method compensating for failed elements in planar antenna 
arrays is based on adjusting the excitation of the neighboring elements. 

Suppose that an element failure occurs in a planar array antenna. Put the 
30 phase reference point at the failed element in accordance to Fig. 1 and use K 
neighboring elements which shall compensate for the contribution of the 
failed element. Since the failed element is positioned in the phase reference 
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point, the phase of the contribution of the element to a far field is zero for all 
angles. The far field contribution of the failed element is expressed by 

FF fatled (u,v) = exc faiUJ EF(u,v) , 

5 

BF(u,v) denotes the element radiation pattern, also called the element factor, 
where: 

x = u • r - r • sin 9 cos ^ 
y = vrsin#sin^ 
z = r cos0 



10 



and the array is positioned in the xy-plane. 



The if neighboring elements have a far-field contribution according to 

K 

FF^^'iu, v) = EF(u, v) • Y^excT • e 



_ COTT 



The goal is to fully restore FFfi**(u,v) by optimizing the correction excitation 
15 of the neighboring elements, excT '• The propagation constant ko is defined 
as 2n/Ao, where Xo denotes the wavelength of the electromagnetic radiation. 
This is impossible, which is easily understood because if it was possible, it 
should have been possible to take away an element and then restore the 
antenna performance. This could then have been done recursively and in the 
20 end there would be only one antenna element left, but the initial antenna 
performance would still have been the same. On the contrary, it is possible 
to fully restore the contribution of the failed element to the far field in K 
arbitrary angles. 

25 Since EF(u,v) is present in both the above equations, this optimization 
method will be independent of the shape of the radiation pattern of the 
element, if all elements are assumed to be equal. The method will also be 
independent of the position of the failed element if the optimization 
synthesizes a unity value for all angles and then weight the solution with the 
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specific excitation excf aUed of the failed element. Therefore the optimization 
problem can be formulated as 



in which p - 1, 2,...Pand u P and v P are different angles. 

These P simultaneous equations can be written in a matrix equation 
1 0 according to 

— ► 

A • exc = 1 



15 



A = 



'*,(«„ v,) g a (u„v,) - ^jr("i.v,) 

Sl(«2> V z) ^l("2» V l) - Sat("i» V i) 



(1) 



exc = [exc™, exc?",..., exc™]* 

20 in which 1 is a P element unity row vector. If P - K there exists only one 
solution to exck according to 



exc = [A] -1 • ! 



25 But often it is desired to optimize the excitations over many more angles, 
which will lead to an over-determined equation system, which has no 
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solution. Instead the least mean square error method or any other suitable 
method may be used to solve the estimation of the correction excitation. 

exc = [A T »A]" ! • A T •! 

The optimal excitation of the antenna array with an arbitrary number of 
element failures is then given by 



exc: ptimum = 



corr 



exc™*"™ + exc', • exc n 



exc n 



original otherwise 



10 

in which excf Ued is the original excitation of the failed element number / and 
n f is the set of neighbor elements for failed element number/, /= 1, 2,. . .,F 
where F is the total number of failed elements. In the derivation of the 
solution of the compensation problem the optimization equation has been set 
15 equal to one, which is equivalent to all the elements of the antenna array 
being equal. In the case when the radiation elements are initially not made 
equal the problem can still be solved in the similar way by considering a 
particular initial weighting of some elements before the weighting according 
to the compensation is performed. 

20 

Simplification of the improved new method 

Suppose that an element failure occurs in a linear array antenna. Put the 
phase reference point at the failed element according to Fig. 2, and use K 
(symmetrically positioned) neighboring elements, which shall compensate for 
25 the contribution of the failed element. In standard spherical coordinates <9, ^ 
having the linear array aligned along the x-axis 0 = 90°, 0 = 0° and 180° 



Due to the fact that the antenna radiation pattern variation in v is 
determined solely by the element factor JBF, only the cut v = 0 will be 
30 considered. The far- field contribution of the failed element is 



I 
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FF failed (u) = exc faUed -EF(u) 

in which EF(u) is the element factor. The K elements have a far-field 
5 contribution according to 

FF ttelghbor (u) = EFiu) • 2> c f B ' • e 

k—K/2 
M 

The optimization problem in the linear array case can be formulated as 

10 



k—K/2 



in which p - J, 2, . . .,Pand u P are different cuts u. 

15 These P simultaneous equations can be written in a matrix equation similar 
to equation (1) on page 6. However if the cuts, u P , are chosen symmetrically 
around zero, which will be shown appropriately independent of scan angle, 
the result will show that the excitation correction is carried out 
symmetrically. 

20 

exc e r = excT 

By knowing this fact, it is possible to reduce the size of the problem by 
utilizing Euler's identity: 

25 

cog(©) «i 

By using these last three equations the problem may now be formulated as 
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Kll 

2 ■ ^exc?" ■ cos(k 0 x k u p ) = \ 

This new problem formulation can be written in a matrix equation too, but 
the matrix size is decreased to a quarter. 

5 

An illustrative embodiment utilizing the impr oved techniques 
Fig. 3 demonstrates a basic embodiment of an antenna array designed for a 
possibility to compensate deterioration in the array antenna radiation 
pattern due to faulty elements. The illustrated setup according to FIG. 3 
.10 presents a receiver module 1 for the reception of microwave signals and an 
exciter module 2 generating a transmission signal. The receiver and exciter 
are via circulator 3 and a RF feed network 8 connected to an array antenna. 

The antenna array connected to the circulator 3 via an RF feed network 
15 contains n radiating antenna elements 7a, 7b, 7c, 7x, in which for 
instance an antenna element 7c represents a faulty radiator. Each of the 
radiator elements are connected to a respective transmit/ receive-module 
(T/R-module) 5a, 5b, 5c, 5x. A fault may occur either in the T/R-module 
5c or in the radiating antenna element 7c itself, or in any other part affecting 
20 the function of the antenna element 7c. 

FIG 4 presents the schematic build-up of an embodiment of a T/R-module to 
be used according to FIG. 3. Such a preferred T/R-module contains a first 
circulator 20 connecting two branches 21 and 31 together. A second 
25 circulator 30 splits the connection to the radiator element into the two 
branches 3 1 and 2 1 . Branch 2 1 further contains a variable phase shifter 26 
and a power amplifier 28, while branch 31 contains a low noise amplifier 34, 
a variable phase shifter 36 and a device 38 with variable attenuation. 

30 All the T/R modules are individually controlled by a control unit 16, which 
obtains original phase and amplitude settings from a phase and amplitude 
settings unit 10. The control unit 16 also receives additional information 
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from a phase and amplitude corrections unit 12. The phase and amplitude 
settings unit 10 is given fixed settings for obtaining a desired radiation 
pattern. The unit 12 for phase and amplitude corrections may in an 
illustrative embodiment obtain its correction settings from the control unit 
5 16 itself. The unit 12 then will comprise a processing device being 
programmed to execute the calculations needed for solving the K equations 
resulting from the matrix equation (1). The programming will utilize the 
possible simplifications discussed for applying a suitable high or low level 
programming language well known to a person skilled in the art. In an 
10 illustrative embodiment the processing device of the controller 16 is a 
microprocessor provided with an arithmetic logic unit, ALU, forming a 
calculation means for performing the necessary calculations for the 
compensation according to the present method. Such microprocessor devices 
are easily available and are well known to persons skilled in the art. 

15 

The phase and amplitude control signals from units 10 and 12, which are 
combined in the control unit, via a control signal network 4 then control the 
individual T/R-modules. When the controlling processor detects, for 
instance, that an antenna element, for instance 7c, does not present a 

20 proper signal response the processor can now via the phase and amplitude 
corrections unit supply the neighboring elements with phase and amplitude 
compensated signals. The resulting radiation pattern is accordingly 
compensated to a high extent and the antenna array will be able to continue 
to operate satisfactorily until failing portions will be repaired by replacement 

25 of the faulty hardware . 

The processor calculation is based on the assumption that the faulty 
element is considered being the phase reference point in this calculation in 
accordance to present suggested improvement for calculating a phase and 
30 amplitude compensation for obtaining a compensation for the failing element 
of the array antenna. 
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The present method can of course also be applied to similar systems e.g., 
antenna systems without active amplifiers in the T/R-modules. 

It will be understood by those skilled in the art that various modifications 
5 and changes may be made to the present invention without departure from 
the scope thereof, which is defined by the appended claims. 



10 
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CLAIMS 

1. A method for compensating for failed elements in an antenna array, 

characterized by the steps of: 

arranging a control unit (16), the control unit comprising a calculation 
means and the control unit, via a control signal network controlling the 
amplitude and phase settings of each element (7a-7x) of the array, 

positioning a phase reference point of the array antenna in a failed 
element; 

synthesizing by means of the calculation means a unity value for all 
angles and weighting the solution with a specific excitation excf aaed of a failed 
element, by formulating a correction excitation optimization problem as 



in which p- 1, 2,...P and u P , v P are different angles and ko is a constant; 

selecting K neighboring elements of the failed element and selecting 
15 the number of different angles P such that P = K to obtain a situation in 
which there exists only one solution to exc„ which denotes an excitation for 
an element n according to 

exc = [A] _1 «1 

in which 



20 A = 



£,("l>V,) £ 2 (K,,V,) ... g K (u t ,V t ) 

v 2 ) g 2 (« 2 ,v 2 ) ... g K {u 2> v 2 ) 

gl(Up>Vp) gl("p> V p) gK(«p> V p)_ 

exc = \exc\ orr , exc™ exc c K orr ] * , 

2 5 whereby the method results in a steering angle independent compensation 
as a total control vector consists of a sum of a constant compensation vector 
and an initial control vector. 
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2. The method according to claim 1, characterized by the further step 
of using a least mean square error method or any other general method for 
solving the correction excitation according to 

exc = [A T *A]" , *A T *T 

whereby the optimal excitation of the antenna array with an arbitrary number 
of element failures then is given by 



exc 



exc°*™ 1 + excf iud • exc*", n € {ci, } 

I™*™ 1 otherwise 



exc n 



10 

wherein exc f / Ued is the original excitation of the failed element number /and 
Q 7 is the set of neighbor elements for failed element number f, /» 1, 2,. . . 9 F 
where Fis the total number of failed elements. 

15 3. A system compensating for failed elements in an antenna array 
connected to a receiver and a transmitter for receiving and transmitting 
information, characterized by 

a control unit (16), the control, via a control signal network, 
controlling amplitude and phase settings of each element (7a-7x) of the 

20 antenna array, 

a calculation means included in the control unit, the calculation 
means being programmed to synthesize a unity value for all angles and 
weighting the solution with a specific excitation, excf aUed , of a failed element, 
by means of a correction excitation optimization equation 

25 £ocr r -^ W *"' ) =l 

in which p = 1, 2,...P and u P , v P are different angles and ko is a propagation 
constant, 

the calculation means further selecting K neighboring elements of the 
failed element and selecting a number of different angles P such that P = K to 
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obtain a situation in which there exists only one solution to exc„ which 
denotes an excitation for an element n according to 

exc = [A J" 1 • 1 

in which 



A = 



g.(" 2 ,v 2 ) g 1 {u 1 ,v 1 ) ... g K (u 2 ,v 2 ) 
v„) g 2 (u pt v p ) ... g K (u p ,v p ) 



gk( u p> v p) = e 



******* \ ** COrr * C.OTT _„ ^COJT" ^ 

exc = [exc i 9 exc 2 ,... 9 exc K J , 

10 the control unit (16) then producing corrected phases and amplitudes for the 
K selected neighboring elements and thereby resulting in a steering angle 
independent radiation pattern compensation, where a total control vector 
consists of the sum of constant compensation vector and an initial control 
vector. 

15 

4. The system according to claim 3, characterized in that the calculation 
means uses a least mean square error method or other general method for 
solving the correction excitation according to 

exc = [A T #A]" 1 #A T #l 

20 whereby the optimal excitation of the antenna array with an arbitrary number 
of element failures then is given by 



exc 



optimum 



exc?"* + exc? !ed -exc n 



exc 



original 



ne[Q f ) 
otherwise 



wherein excf Ued is the original excitation of the failed element number /and 
25 Q 7 is the set of neighbor elements for failed element number / /= 1, 2,. . .,F 
where Fis the total number of failed elements. 
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5. The system according to claim 3, wherein the calculation means is a 
microprocessor provided with an Arithmetic Logic Unit to be utilized for 
performing the necessary calculations. 
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